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IN CATTLE, FOLLICLE DEVELOPMENT beyond the early antral stage is characterized by two or three successive waves of follicular growth in each estrous cycle. During follicular wave, a single follicle is selected to continue growing and becomes dominant, while other subordinate follicles undergo atresia (18) . It is well established that the fate of the growing follicles (ovulation or atresia) is regulated by the interaction of endocrine signals (e.g., gonadotropins, their receptors and steroids) and intraovarian molecules [e.g., IGF-I, transforming growth factor (TGF)-␤] produced in granulosa and theca cells (31, 34, 22) . These factors are coordinated by expression of numerous genes. Any alteration in the activity of these genes might be critical in determining the survival of dominant follicles or may play a role in the demise of subordinate follicles (6, 13, 15, 30) .
Recent studies have shown that microRNAs (miRNAs) have a significant impact on gene expression in a variety of tissues and biological processes, both in humans (12) and animals (14, 40) . These small noncoding RNA molecules function via partial base pairing of their seed region (2-to 7-nucleotide-long region from the 5=-end of the miRNA) with complementary sequences to the 3 = -untranslated region (UTR) of their target genes (1, 5) . This interaction usually results in gene silencing through translation repression or direct mRNA degradation (3) . Recent findings have proven that miRNAs are important regulators of development, cell proliferation, and apoptosis and are involved in many physiological processes, including reproduction (2) . It is anticipated that these molecules are an important element in the mechanism of the regulation of ovarian follicle development in mammals.
Several studies have reported that a number of miRNAs are involved in murine granulosa cell proliferation (43, 44) and estradiol production (45) . Similar observations were made in porcine granulosa cells where miRNAs regulate estradiol production and apoptosis (26, 42) . Furthermore, miRNAs have also been detected in ovine granulosa and theca cells at different stages of follicle development (28) and suggested to play a role in the regulation of cell survival, steroidogenesis, and follicle differentiation in equine ovaries (36) . To date, there is little known about the role of miRNAs in bovine follicle development and in particular in dominant follicle selection. In an earlier study, miRNAs were identified in whole bovine ovaries without distinguishing specific tissue compartment and follicle classes (19) . Recently two reports have indicated expression of miRNAs in bovine granulosa cells from various sized follicles (32) and in cultured bovine theca and granulosa cells (28) .
Considering the limited knowledge on the role of miRNAs in bovine ovarian follicle development and in dominant follicle selection the aim of the present work was: 1) to determine if miRNAs are expressed locally within bovine antral follicles and to localize expression within the theca and/or granulosa layer, 2) to determine if the pattern of miRNA expression is different between the dominant and the largest subordinate follicle from the first follicle wave of the cycle, and 3) to use a bioinformatic approach to identify the potential pathways and putative targets for the selected miRNAs involved in bovine follicle development.
MATERIAL AND METHODS
Animal study and tissue collection. To obtain ovarian follicles from the first wave, six cross-breed beef heifers were subjected to an estrus synchronization program combined with daily ultrasonography of ovaries. Animals were kept and fed under the same conditions. Heifers were synchronized with an 8-day progesterone-releasing intravaginal device (CIDR, Pfizer Animal Health) and a single intramuscular injection (25 mg) of prostaglandin F2 alpha (Dinolityc, Pfizer) on the seventh day. Estrus was observed every 6 h between 24 and 48 h after CIDR withdrawal. Each animal was subjected to daily, individual ovarian ultrasound scans to monitor ovarian follicle development by real-time B mode scanner (HS-1500 Vet, Honda Electronics, Japan) with 5 MHz transrectal linear probe. Animals were slaughtered between day 2.5 and 3.5 of the synchronized estrus cycle (day 0 ϭ onset of estrus). The two largest follicles were collected from the ovaries of each animal, and individual follicle diameter was measured. Follicular fluid was aspirated from the follicles, snap-frozen in liquid nitrogen, and stored at Ϫ80°C for hormone analyses. Theca and granulosa cells were separated as previously described (13), snapfrozen, and stored at Ϫ80°C prior to RNA extractions.
All experimental procedures were licensed by the 2nd Local Ethics Committee at Wrocław University of Environmental and Life Sciences, Poland.
Estradiol and progesterone concentrations were measured using commercially available kits Coat-A-Count Estradiol RIA and Coat-A-Count Progesterone RIA kit, respectively (Siemens Healthcare Diagnostics, Tarrytown, NY). Based on the intrafollicular ratio of estradiol to progesterone, follicles were hormonally classified as estrogen active follicles (dominant) -ratios of Ͼ 1 or atretic follicles (subordinate) -ratios of Ͻ 1 (20) . Follicle diameter and follicular fluid hormone concentrations between the two follicles from each individual were analyzed by ANOVA using the SAS 9.2 software. Results are shown as means Ϯ SE. Statistical significance was accepted when P Ͻ 0.05.
RNA isolation, miRNA microarray, and data analysis. Total RNA, including small RNA was isolated from theca and granulosa samples using miRNeasy Mini Kit (Qiagen, Hilden, Germany) according to the manufacturer's instructions followed by DNase treatment step using RNase-Free DNase set (Qiagen). Total RNA quantity was determined by NanoDrop ND-1000 spectrophotometer (NanoDrop Technologies, Wilmington, DE) and quality was assessed using the Agilent Bioanalyzer 2100 with RNA 6000 Nano Chip kit (Agilent Technologies, Santa Clara, CA). All RNA samples were shown to have RNA integrity number values Ͼ 7.5.
To exclude cross-contamination between theca and granulosa cells, we verified the mRNA expression profiles of CYP19A1 and CYP17A1 genes by quantitative real-time PCR (qRT-PCR) using the ABI Prism 7500 FAST sequence detection system and Fast SYBR Green Master Mix (Applied Biosystems, Warrington, UK). Primers were designed for each gene of interest (Primer Express Software v2.0, Applied Biosystems): CYP19A1 (forward: 5=-TGG TGA CCA  TCT GTG CTG AT-3= and reverse: 5=-GTC AAC ACG TCC ACA  TAG CC-3=) and CYP17A1 (forward: 5=-CTG GAG GTT CTG AGC  AAG GA-3= and reverse: 5=-TGG CTT TGC TGG GGA AAA  TC-3=) . The specificity of all primers was confirmed both by meltcurve analysis and by agarose gel electrophoresis of the amplified PCR fragments. Primer efficiency was determined using a serial dilution of Bos taurus-derived cDNA (1:4 dilution series over 7 points) and shown to lie between 90 and 110%. The cDNA prepared for the miRNA study (of each sample) was also used to perform the mRNA analysis. The optimal number of reference targets for this sample set were identified using the geNorm application within the qbasePLUS software package (Biogazelle, Zwijnaarde, Belgium). The normalization factor was calculated as the geometric mean of reference targets YWHAZ (forward: 5=-TGA AGC CAT TGC TGA ACT TG-3= and reverse: 5=-TCT CCT TGG GTA TCC GAT GT-3=) and PPIA (forward: 5=-CAT ACA GGT CCT GGC ATC TTG TCC-3= and reverse: 5=-CAC GTG CTT GCC ATC CAA CC-3=). Calibrated normalized relative quantities of gene expression for each analyzed sample were generated by the qbasePLUS package and analyzed within the package using an unpaired t-test.
MiRNA expression profiling was performed by Exiqon (Exiqon, Vedbaek, Denmark). The samples from each tissue were analyzed separately. Two tissue pools comprising RNA from all granulosa samples and all theca samples respectively were generated and used as the control sample on each slide. There were six samples for each follicle type (dominant and subordinate) within each tissue (theca and granulosa) for a total of 24 slides. In brief, the samples were labeled using the miRCURY LNA microRNA Hi-Power Labeling Kit, Hy3/ Hy5, and hybridized on the miRCURY LNA microRNA Array 6th Gen (Exiqon). Slides were scanned using the Agilent G2565BA Microarray Scanner System (Agilent Technologies), and the image analysis was conducted in ImaGene 9 (miRCURY LNA microRNA Array Analysis Software, Exiqon). Raw file data were analyzed using the limma R-package (37) . After background correction (method ϭ "subtract") and normalization of samples (normalizeWithinArraysno offset), probes with no name, control probes, and spike in probes were eliminated from further analysis. One sample (granulosa subordinate follicle) exhibited an expression profile markedly different from all the other samples and was excluded from the granulosa analysis. Analysis of differential expression was performed by lmFit Tables 1  and 2 , miRNAs in boldface were rejected from the target prediction and pathway analysis as they were not available in the database of DIANA miRPath software.
and empirical Bayes functions in Limma package of Bioconductor (38) . The Benjamini-Hochberg correction was used to control for false discovery rate (FDR). The FDR was set at 1% (4). The raw data from the experiment were deposited in the Gene Expression Omnibus repository under accession number GSE55890.
miRNA target gene prediction and pathway analysis. Differentially expressed miRNAs (P Ͻ 0.01), between dominant and subordinate follicles in theca and granulosa cells, recognized by microarray, were further analyzed to identify their target prediction and pathway analysis. For this purpose, the Union of Genes option, in the second version of DIANA miRPath (41) software, was used. This computational tool performs an analysis between the miRNAs and targeted genes compiled in UNION_SET. Enrichment investigation identifies pathways significantly enriched with genes belonging to the UNION_SET (a priori method) in Kyoto Encyclopedia of Genes and Genomes (KEGG) pathways (21a). Prediction was performed by using DIANA-microT-CDS with MicroT threshold set to 0.8 score. Benjamini and Hochberg's FDR was applied with significant threshold set at P Ͻ 0.01 (except for hsa-miR-18a-5p/bta-miR-18a for which significant threshold was set at P Ͻ 0.05, because no predicted pathways were found at P Ͻ 0.01).
qRT-PCR analysis of miRNAs. Bovine miRNA sequences are not integrated with the current version of DIANA web server. Therefore, four potentially differentially expressed miRNAs (hsa-miR-301b/btamiR-301b, hsa-miR-129-2-3p/bta-miR-129-3p, hsa-miR-18a-5p/btamiR-18a, and hsa-miR-582-5p/bta-miR-582), which were human and bovine orthologs, were validated by qRT-PCR. MiRNA expression profiling was performed using the miScript system (Qiagen, Hilden, Germany) as per manufacturer's instructions. RNU6 was used as internal control. In brief, 1,000 ng of total RNA was reverse transcribed using the miScript II Reverse Transcriptase in a 20 l reaction; this was subsequently diluted 1:40 using RNase/DNase-free water. qRT-PCR was conducted using a 7500 Fast Real-Time PCR machine (Applied Biosystem, Foster City, CA) in 96-well plates using miScript SYBER Green PCR Kit (Qiagen); each reaction (25 l) contained 12.5 l of 2ϫ QuantiTec SYBER Green PCR Master Mix, 2.5 l of 10ϫ miScript Universal Primer, 2.5 l of 10ϫ miScript Primer Assay, and 5 l of the diluted template cDNA. Dissociation curves of PCR reactions were monitored to ensure a single specific PCR product, and the appropriate negative and positive controls were included. Changes in relative concentration were calculated with the qBasePLUS Software (Biogazelle), and relative expression levels were compared by ANOVA using the SAS 9.2 software. Results are expressed as means Ϯ SE. Statistical significance was accepted when P Ͻ 0.05.
RESULTS
miRNA expression profiling in bovine ovarian follicles. To establish miRNA expression patterns, we collected ovarian follicles at dominance stage of the first follicular wave. Mean follicle diameter was greater in the dominant follicle (10.7 Ϯ 0.3 mm, n ϭ 6) compared with the subordinate follicles (8.7 Ϯ 0.2 mm, P Ͻ 0.01, n ϭ 6). Follicular fluid estradiol concentrations also were higher (P Ͻ 0.01) in the dominant (177.4 Ϯ 26.8 ng/ml, n ϭ 6) compared with the largest subordinate follicles (17.8 Ϯ 5.6 ng/ml, n ϭ 6). In contrast progesterone concentrations were higher (P Ͻ 0.02) in the largest subordinate (100.6 Ϯ 13.8 ng/ml, n ϭ 6) compared with the dominant follicles (63.4 Ϯ 5.1 ng/ml, n ϭ 6). Dominant follicles: hsa-miR-301b/bta-miR-301b, hsa-miR-190b, hsa-miR-1301, hsa-miR-1255b-5p, hsa-miR-1184. Subordinate follicles: hsa-miR-129-2-3p, hsa-miR-548aa, hsa-miR-3684, hsa-miR-29b-1-5p, hsa-miR-302e, hsamiR-196a-3p. *FDR correction was calculated with Benjamini-Hochberg with a threshold of 0.01 or 0.05 as indicated. Dominant follicles: hsa-miR-548b-3p, hsa-miR-212-5p, hsa-miR-3689b-3p, hsa-miR-548h-5p, hsa-miR-33a-3p, hsa-miR-564, hsa-miR-671-5p, hsa-miR-3153, hsa-miR-582-5p, hsa-miR-1226-3p, hsa-miR-597, hsa-miR-3175, hsamiR-4292, hsa-miR-125a-3p, hsa-miR-18a-5p, hsa-miR-190b. Subordinate follicles: hsa-miR-4288, hsa-miR-659-3p, hsa-miR-185-3p, hsa-miR-4314, hsa-miR-548h-3p, hsa-miR-520f, hsa-miR-583, hsa-miR-582-5p, hsa-miR-219-5p, hsa-miR-555, hsa-miR-148b-5p, hsa-miR-30d-3p, hsa-miR-3146, hsamiR-524-5p, hsa-miR-3663-3p, hsa-miR-548t-5p, hsa-miR-93-3p, hsa-miR-3190-3p, hsa-miR-569.
Cross-contamination analysis between theca and granulosa cells revealed CYP19A1 amplicons in granulosa cells but not in theca cells. While amplicons of CYP17A1 were only detected in theca cell (data not shown).
The microarray contained a total of 1,488 bovine and human miRNAs, from miRBase version 18 (24) . Comparing the dominant with the subordinate follicle our initial analysis using a threshold of P Ͻ 0.05 identified a total of 87 differentially Fig. 1 . KEGG map visualization of hsa-miR-301b/bta-miR-301b involvement in prion diseases signaling pathway. Green, genes not targeted by this microRNA (miRNA); yellow, putative targets for this miRNA; red, gene especially important in ovarian follicle physiology. Supplementary Table S1 ). 1 However, to focus our analysis and discussion we increased the stringency by using a threshold of P Ͻ 0.01. In theca cells seven miRNAs were more expressed (P Ͻ 0.01) in dominant than subordinate follicles, while seven miRNAs were more expressed (P Ͻ 0.01) in subordinate than dominant follicles (Table 1 ). In the granulosa cells 17 miRNAs were more expressed (P Ͻ 0.01) in dominant than subordinate follicles, whereas expression of 32 miRNAs were more expressed (P Ͻ 0.01) in subordinate than dominant follicles ( Table 2) .
To confirm the results obtained from the miRNA microarray, the expression of four miRNAs was analyzed by qRT-PCR. In theca cells miRNA hsa-miR-301b/bta-miR-301b (miR-301b) expression was greater (P Ͻ 0.05) in the dominant compared with the largest subordinate follicle, while expression levels of hsa-miR-129-2-3p/bta-miR-129-3p (miR-129-2-3p) were greater (P Ͻ 0.05) in the subordinate compared with dominant follicles. Additionally, in the granulosa cells, hsamiR-18a-5p/bta-miR-18a (miR-18a-5p) expression was greater (P Ͻ 0.05) in the dominant compared with the largest subordinate follicle, whereas hsa-miR-582-5p/bta-miR-582 (miR-582-5p) expression was greater (P Ͻ 0.05) in the subordinate compared with dominant follicles. Furthermore, to determine whether validation by RT-PCR correlated with miRNA microarray results, we performed a Pearson correlation analysis. The Pearson correlation coefficient obtained was 0.85, confirming positive correlation between the miRNA levels determined by microarray and RT-PCR. Microarray and qRT-PCR ratios comparing dominant and the largest subordinate follicles for theca and granulosa cells are shown in Table 3 .
miRNA target prediction and pathway analysis. The second version of DIANA miRPath (41) software, which is based on miRNAs obtained from miRBase 18 (24) , was used to identify potentially regulated biological pathways in ovarian follicles for differentially expressed miRNAs. From the total number 1 The online version of this article contains supplemental material. (n ϭ 63) of differentially expressed miRNAs (P Ͻ 0.01), one in theca and three in granulosa cells were excluded from the analysis as they were not available in the database (hsamiRPlus-I181b-2*, hsa-miRPlus-G1140-3p, bta-miR-362-5p, hsa-miRPlus-C1087). In theca cells, five out of the six miRNAs whose expression was greater in dominant compared with the largest subordinate follicle were involved in oocyte meiosis, Wnt signaling, TGF-␤ signaling, protein processing in endoplasmic reticulum, RNA degradation, axon guidance pathways, and pathways in cancer (Table 4) . Also in theca cells, the miRNAs whose expression was greater in subordinate than dominant follicles were involved in signaling pathways such as: neurotropin, ErbB, pathways in cancer, insulin, endocytosis, chemokine, regulation of actin cytoskeleton, human T cell lymphotropic virus type 1 (HTLV-I) infection, and EpsteinBarr virus infection (Table 4) . Additionally, in granulosa cells, for 15 out of 16 miRNAs with greater expression in dominant than subordinate follicles, the most significantly targeted pathways that were predicted were neurotropin signaling, gap junction, endocytosis, phosphatidylinositol-3 kinase (PI3K)-Akt signaling, MAPK signaling, focal adhesion, transcriptional misregulation in cancer, pathways in cancer, vascular smooth muscle contraction, regulation of actin cytoskeleton, and chemokine signaling pathways (Table 5) . Whereas the miRNAs with greater expression in granulosa cells of subordinate than dominant follicles 20 out of 29 were involved in following signaling pathways: Wnt, MAPK, ubiquitin-mediated proteolysis, dopaminergic synapse, neurotropin, axon guidance, mRNA surveillance, pathways in cancer, PI3K-Akt, osteoclast differentiation, HTLV-I infection, endocytosis, RNA transport, transcriptional misregulation in cancer, and cell cycle (Table 5) .
We next used DIANA miRPath v2.0 software to identify target genes and pathways for single miRNAs, which were validated by qRT-PCR. The most affected pathway (P ϭ 1.08e-27) by miR-301b was the Prion diseases pathway in which the prion protein (PRNP) gene was the only target (Fig. 1) . This miRNA was also associated with TGF-␤ signaling (11 genes, including TGFBR2 and SMAD5), mechanistic target of rapamycin signaling (8 genes, including IGF1), p-53 signaling pathway, and a few others (Table 6 ). miR-129-2-3p was involved in eight signaling pathways, among them only gonadotropin-releasing hormone (GnRH) signaling pathway (P ϭ 0.0019) is known to be involved in ovarian physiology ( Table 7) . The targeted gene in this pathway was MAP3K1 (Fig. 2) . Similarly, MAP3K1 is targeted by miR-18a-5p (Fig. 3) in GnRH signaling pathway, which is one of seven pathways affected by this miRNA (Table 8) . It was the only miRNA for which the significant threshold was set at P Ͻ 0.05, because there were no affected pathways for significant threshold set at P Ͻ 0.01. miR-582-5p affected 14 pathways (Table 9) , among them targets the highest number of genes (24) in P13K-Akt signaling pathway, including myeloid cell leukemia sequence 1 (MCL1) gene (Fig. 4) .
DISCUSSION
Four differentially expressed miRNAs identified in this study (miR-301b, miR-129-3p, miR-18a-5p, miR-582-5p) have not been previously described in regard to ovarian follicle physiology, and our results suggest their involvement in bovine ovarian follicle development. Among the most highly expressed miRNAs in theca cells was miR-301b (18.44-fold higher expression in dominant compared with subordinate Fig. 3 . KEGG map visualization of hsa-miR-18a-5p/bta-miR-18a-5p involvement in GnRH signaling pathway. Green, genes not targeted by this miRNA; yellow, putative targets for this miRNA; red, gene especially important in ovarian follicle physiology.
ROLE OF miRNAs IN OVARIAN FOLLICLE DEVELOPMENT
follicles), which has been found to affect PRNP gene in the prion disease pathway (Fig. 1) . This agrees with a previous study in which PRNP mRNA expression and levels of the protein for PrP C were found to be higher in bovine theca cells of dominant compared with subordinate follicles, signifying its role in promotion of dominant follicle development (16) . Another miRNA that was differently expressed in theca cells was miR-129-2-3p, which our analysis revealed targets MAP3K1 gene in GnRH signaling pathway (Fig. 2) . This target is involved in two MAPK cascades important for follicular growth and development (JNK and p38MAPK). The MAPK signaling pathways are associated with regulation of steroidogenic acute regulatory protein expression and steroidogenesis (27) . We have shown that miR-129-2-3p had enhanced expression in subordinate compared with dominant follicles. This may indicate that this miRNA leads in theca cells to increase progesterone production and also to inhibition of androgens that are required for estradiol synthesis in granulosa cells. Thus, these findings suggest that miR-129-3p may be associated with follicle regression. Another miRNA affecting the MAP3K1 gene in the GnRH signaling pathway is miR-18a-5p (Fig. 3) , whose expression was greater in granulosa cells of dominant compared with subordinate follicles. Reduced levels of FSH prevent further follicle wave emergence until the dominant follicle undergoes either ovulation, or regression and atresia (17, 31) . Based on the obtained results, we suggest that miR-18a-5p is an important factor in mediating the effects of FSH action on granulosa cells. Another identified miRNA expressed in granulosa cells was miR-582-5p, whose seed sequence binds to the 3=-UTR of MCL1 gene and reduces Glutamatergic synapse GRM5, GNAI3, GNB1, CPD, PPP3CB, PPP3R1, GNAQ, GRIA4, HOMER1, GNAO1, GRIK2, CACNA1D, SLC1A2, PRKACB
1.545603e-08 hsa04724
Wnt signaling pathway GSK3B, PPP2R5E, TCF4, VANGL1, PPP2R5A, PRICKLE1, NLK, FZD4, SENP2, PPP3CB, AXIN2, MAPK8, CSNK1A1, SFRP2, PPP3R1, CXXC4, WNT2, MAP3K7, TBL1XR1, PRKACB 7.05523e-08 hsa04310 Dopaminergic synapse GSK3B, PPP2R5E, MAPK14, CREB1, GNAI3, GNB1, PPP2R5A, PPP3CB, MAPK8, PPP2R2A, SCN1A, GNAQ, GRIA4, GNAO1, CACNA1D, KIF5B, PRKACB, PPP1CB
7.05523e-08 hsa04728
Endocrine and other factor-regulated calcium reabsorption KL, ATP1B2, ATP1B1, ATP2B1, RAB11A, GNAQ, DNM3, PRKACB
1.534934e-06 hsa04961
Axon guidance EFNB2, PLXNA2, GSK3B, PAK7, ROBO2, GNAI3, NCK1, PTK2, RASA1, EFNB3, PPP3CB, DPYSL5, RHOD, NRP1, PPP3R1, SEMA3E Akt signaling pathway  PRLR, GSK3B, RBL2, PPP2R5E, ITGB8, PIK3CB, MCL1,  CREB1, GNB1, CDK6, PPP2R5A, PTK2, EIF4E, LPAR1,  PPP2R2A, COL5A1, ITGA2, FGF9, PRKAA1, FGF2, ITGA6,  SGK3, FGF7, COL5A2 0.0057 hsa04151 its expression (25) . Our pathway and gene target analysis confirmed that this miRNA regulates MCL1 gene in PI3K-Akt signaling pathway (Fig. 4) . Furthermore, miR-582-5p had higher expression in subordinate compared with dominant follicles. These results are consistent with other studies in which an association between growth of the bovine ovarian dominant follicle and enhanced expression of MCL1 in granulosa cells was reported (13) . We speculate that miR-582-5p plays a key role in follicle development, by decreasing the expression of MCL1 in granulosa cells of subordinate follicles undergoing apoptosis. Several miRNAs have previously been shown to play an important role in ovarian follicle development (9) , and some of them have been identified in the present study. Expression of four miRNAs (miR-125b, miR-145, miR-21, miR-34a) have been reported in cultured bovine theca and granulosa cells, suggesting their involvement in the follicular-luteal transition (28) . Our research confirmed the expression of these miRNAs in bovine theca and granulosa cells, but there were no significant differences between dominant and subordinate follicles with an exception of miR-145. The level of miR-145 was significantly higher (P Ͻ 0.04) in granulosa cells of dominant compared with subordinate follicles, but with no significant differences in theca cells. It is likely, that miR-145 is involved in both follicular-luteal transition and subordinate follicle regression, while the other miRNAs are only involved in follicular-luteal transition. The results of our study concerning miR-503 are coherent with other authors who found this miRNA mostly in theca and luteal cells of ovine preovulatory follicles (28) . We have shown that miR-503 had significantly higher expression (P Ͻ 0.05) in theca cells of subordinate compared with dominant follicles, suggesting its function in programmed cell death of subordinate follicles in cattle. Another miRNA, miR-383, has been reported as a positive regulator of estradiol production in mural granulosa cells (45) . Our miRNA array showed its significantly higher expression in dominant compared with subordinate follicles in bovine granulosa cells (P Ͻ 0.05). It is well known that increased estradiol production is considered as a key characteristic of dominant follicle. Thus, these findings suggest that miR-383 might be an important factor controlling growth and proliferation of the dominant follicle.
Using DIANA mirPath v. 2.0 software we predicted key molecular pathways important in ovarian follicle development, that are potentially targeted by the miRNAs described in this paper. These pathways included: oocyte meiosis, Wnt, TGF-␤, ErbB, and insulin signaling pathways in theca cells and PI3K-Akt, MAPK, and Wnt signaling pathways in granulosa cells. These are all intracellular communication networks that involve different signaling pathways, which can interact with pro-and antiapoptotic factors that appear to determine the fate of ovarian follicles. It has been reported that signals from theca cells augment the meiosis-arresting activity of granulosa cells in bovine oocytes (23) . Furthermore, potential role of Wnt signaling pathway in bovine ovarian steroidogenesis and follicular growth has been indicated (7). TGF-␤ signaling pathway has a significant function in the regulation of ovarian follicle development at different stages (22) . ErbB signaling pathway is likely to be the main coordinator of LH mechanisms (21) . It has been suggested that EGF may play a significant role in bovine theca cells steroidogenesis (39) . Concerning the insulin signaling pathway, insulin receptor mRNA has been found in theca and granulosa cells of human developing antral follicles (11) . Also, in cultured theca cells, insulin has been shown to stimulate androgen production (29) . The PI3K-Akt signaling pathway is a critical regulator of follicle growth, differentiation, and survival (8, 10) . It has been demonstrated that regulation of the PI3K-Akt pathway activity is correlated with bovine dominant follicle selection and development (35) . MAPK signaling pathway regulates cell proliferation, differentiation, and apoptosis. Its signaling protein levels were greater in bovine dominant compared with subordinate follicles (35) . Moreover, in granulosa cells, the loss of trophic hormonal support is translated into a decrease of MAPK signaling pathway, and this result in the decreased phosphorylation of the proapoptotic BCL2-associated agonist of cell death (33) .
In conclusion, our study identified miRNAs that are likely to be regulators of bovine ovarian follicles development through global regulation of multiple targets and signaling pathways. Altogether, 14 miRNAs in theca and 49 miRNAs in granulosa cells were differentially expressed between dominant and subordinate follicles. The predicted targets for these miRNAs were enriched for pathways involving oocyte meiosis, Wnt, TGF-␤, ErbB, Insulin, PI3K-Akt, and MAPK signaling pathways.
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